Introduction
[2] Organic aerosol makes up a large fraction of atmospheric fine particulate matter, and thus has important implications for climate, health, and visibility. A substantial fraction of organic particulate matter is secondary organic aerosol (SOA), from the formation of low-volatility products of the atmospheric oxidation of volatile organic compounds (VOCs) [Seinfeld and Pankow, 2003] . SOA has been observed to increase rapidly in urban outflows [Kleinman et al., 2007] and apparent rates of SOA production in urban outflows and urban atmospheres are far greater than current photochemical models predict [de Gouw et al., 2005; Volkamer et al., 2006] .
[3] In the last several years, aerosol mass spectrometry has yielded substantial insight into the composition and abundance of atmospheric organic aerosol. Multivariate analysis techniques have been used to deconvolve complex organic mass spectra into smaller sets of chemically meaningful classes [Zhang et al., 2005a; Lanz et al., 2007; Ulbrich et al., 2008] . Oxygenated organic aerosol (OOA), which is ubiquitous in the atmosphere, is associated with SOA, whereas hydrocarbon-like organic aerosol (HOA), which is found in highest quantities in urban environments, is attributed to primary organic aerosol (POA) from combustion sources [Zhang et al., 2005b [Zhang et al., , 2007 . The high levels of OOA [e.g., Volkamer et al., 2006] provide direct observational evidence of the need to better describe the sources and mechanisms of SOA formation in regional and global models. In this work we show that in the outflow of a megacity (Mexico City), OOA and photochemical oxidant production are strongly correlated, suggesting that SOA may be viewed as a co-product of modeled O 3 production.
Measurement and Analysis Description
[4] This article describes data collected at Pico de Tres Padres (PTP), the highest point in the Sierra de Guadalupe range in the northern section of the MCMA. It rises $700 meters above the surrounding city and has very few local emission sources. The mobile laboratory deployment site selection was guided by forecast models and the detailed basin flow response to different synoptic scale forcings developed by de Foy et al. [2005] during the MCMA-2003 campaign. A topographical map showing the MCMA area and the sites described above is included as auxiliary material 1 .
[5] Based on the measurements of boundary-layer depths measured at two super-sites in Mexico City [Shaw et al., 2007] the following qualitative statements can be drawn about the structure of the lower atmosphere on a typical day.
During clear-sky insolation, the mixed layer grew to a height of $1 km above the basin floor by 11:30 local time. Upslope winds frequently brought Mexico City pollution to the PTP site at least 30 minutes before the mixed layer depth grew above the site elevation. The mixed layer rose to 2 -4 km above the basin floor by the middle of each afternoon.
[6] The combination of mixed layer growth, altitude, and proximity to Mexico City made PTP's location ideal to sample urban outflow after mid-morning without being strongly influenced by local sources. The horizontal transport timescale to the nearest road is on the order of 15 -60 minutes (assuming wind speeds <5 m s
À1
) while the transport time from other parts of the city is on the order of hours. In contrast, the vertical mixing time scale is expected to be less than 30 minutes [Stull, 1988] . The analysis of mixing layer heights, coarse transport simulations and CO measurements suggest that the air reaching the PTP site represents the mixed urban plume.
[7] In this analysis, particulate mass loadings from an Aerodyne Aerosol Mass Spectrometer (AMS) [Canagaratna et al., 2007] are correlated with various gas-phase measurements. CO and NO 2 were measured using tunable infrared laser differential absorption spectroscopy using a pulsed quantum cascade laser light source [Herndon et al., 2005] . Ozone was measured using a 2B Technologies Model 205 dual beam ozone monitor. Selected volatile organic carbon (VOC) species were measured using proton transfer reaction mass spectrometry (PTR-MS) [Rogers et al., 2006] . Evacuated canisters were used to collect whole air samples for off-line analysis of the composition of the VOCs using gas-chromatographic methods during selected 20 minute sampling intervals throughout the campaign. Positive matrix factorization (PMF) was used to deconvolve the complex organic fragments in the particle mass spectra [Lanz et al., 2007; Ulbrich et al., 2008] into hydrocarbon-like organic aerosol (HOA), oxygenated organic aerosol (OOA) and biomass burning organic aerosol (BBOA).
[8] Typically, at night the site measured pollutants within the residual layer since the inversion level remained below the sampling altitude. In the absence of fresh emissions or trapped residual layers advected to the sampling location, the nighttime mixing ratios of CO and O 3 were 125 ± 6 ppbv and 44 ± 3 ppbv, respectively. The organic PM 'background' loading at night was 1.1 ± 0.4 mg m À3 (STP, 273 K and 1 atm) and was dominated by the most oxidized form of OOA.
[9] A measure of the extent of atmospheric oxidation of emitted VOCs can be quantified from the ratios of hydrocarbon species with dissimilar reactivities toward OH [Roberts et al., 1984] . The attribution of a single photochemical time to an urban air mass is not well defined when fresh emissions are entrained [Parrish et al., 2007] . An effective photochemical age, Dt[OH] can be computed using measurements of the C9 aromatic species and benzene. This qualitative metric is appropriate for the measurements at PTP due to the relatively short atmospheric lifetime of the C9 aromatics; 3 -12 hours for the measured OH concentrations at an urban supersite by Dusanter et al. [2008] . The quantity Dt[OH] can be heavily influenced by mixing and transport; in the context here it is an estimate of the extent of atmospheric processing. (<1mm) is in green. The mass loading is at ambient conditions. The positive matrix factorization components of the organic matter are depicted; OOA (pink), HOA (grey) and BBOA (brown). The labels ''1'' and ''2'' are discussed in the text. described below. Events dominated by biomass-burning signatures are not included in this analysis. The other two organic aerosol components correlate with gas-phase tracers. Figure 1 shows a clear correlation of HOA with CO (both primary emissions) and OOA with O X (both secondary pollutants).
[11] Qualitatively, HOA mass loadings are dominated by directly emitted organic aerosol [Lanz et al., 2007; Zhang et al., 2005b] . This analysis does not make a distinction between transportation emissions (e.g. diesel) and other sources which are not well represented in the primary biomass burning organic aerosol signature (BBOA) also shown in Figure 1 . The HOA to CO ratio observed at PTP was 12 ± 1.5 mg m À3 ppmv À1 (STP).
[12] OOA correlates well with odd oxygen. During periods of photochemical production of organic aerosol, previous studies have reported correlation between O 3 and OOA [Zhang et al., 2005b; Volkamer et al., 2006; Lanz et al., 2007] , while little correlation is observed for periods dominated by multi-day regional transport and accumulation of OOA [Zhang et al., 2005b] . O X is a more conserved tracer of the extent of photochemical processing in the urban atmosphere than O 3 alone, because fresh emissions of NO react with O 3 to form NO 2 . O X is long-lived -its major loss mechanism on the time scales observed at PTP is the oxidation of NO 2 to form higher nitrogen oxides such as HNO 3 and PAN. We estimate that integrated O X losses in the air masses observed are less than 20% of [O X ] based on measurements of NO Z and calculations of other O X losses.
OOA/O X and Photochemical Processing
[13] In Figure 2 , the OOA mass loading is plotted vs. the O X concentration. The data in this figure is from the same time period shown in Figure 1 . The shading is the calculated photochemical age, Dt [OH] . These data show two distinct clusters which are classified as ''less aged'' or ''more aged'' and are well defined using a threshold Dt[OH] value of 40 Â 10 9 molecules cm À3 s. The slope of OOA/O X for the ''less aged'' set of points is greater than the ''more aged'' set of points.
[14] The correlation between SOA and O X is now examined in terms of the production rates of each. Odd oxygen (ozone) is formed by the atmospheric processing of emitted urban VOCs in the presence of NO x . Under the conditions in air above MCMA, the rate of O 3 production [Kleinman et al., 2002] is:
where the production rate of ozone is estimated by summing the contributions from individual VOC compounds. In (1), k i is the rate coefficient for the reaction of OH with each specific VOC and a i is a stoichiometric factor that depends on each specific VOC.
[15] The atmospheric oxidation of gas-phase organics also leads to the production of SOA, via the formation of low-volatility oxidation products [e.g., Seinfeld and Pankow, 2003] . At the PTP site, the oxidation of most VOC species is dominated by reaction with OH; oxidation by NO 3 is unlikely to be dominant during the daytime, and observations of SOA formation in the absence of O 3 (during which time O X is dominated by NO 2 ) suggest that SOA formation from O 3 -initiated oxidation is also relatively unimportant. Assuming the formation of semi-volatile compounds from the oxidation of VOCs is the rate limiting step in the formation of SOA [Lim and Ziemann, 2005 ; Figure 2 . OOA versus O X . The oxidized fraction of organic mass loading, OOA is depicted versus the sum of O 3 and NO 2 for the two-day period depicted in a previous figure. The square points have been inversely shaded by the extent of photochemical processing (Dt[OH]) calculated using the measurements of the C9-, C8-aromatic and benzene compounds described in the text. The slopes of the two lines are tabulated in the inset as 'less aged' and 'more aged' in ambient units. The circled points, labeled Can 1 and Can 2 refer to periods when GC VOC analysis were performed and are discussed in the text and in Figure 3 . Ng et al., 2007] then an expression for p(SOA) will resemble equation 1, with a i representing the SOA yield from a given VOC.
[16] This analysis assumes that the observed OOA and O X increase via chemistry only and that there are no significant losses of either OOA or O X on the time-scale of these measurements (1 -15 hours). With these caveats in mind, we relate the observed ratio to a simple expression based solely on the production terms,
where the delta quantities on the left-hand side of the equation are increases in each attributed to the atmospheric processing of urban emissions and the integrals on the righthand side represent the formal mechanism by which OOA and O X increase respectively.
3.3. VOC Composition, Dependence of DOOA/DO X [17] The observed change in the slope of DOOA/DO X (Figure 2 ) with photochemical age is due to a decrease in p(SOA) and/or an increase in p(O 3 ) as the VOC mixture ages. Chromatograms from the GC analysis of two sample canisters taken on 3/11/2006 are depicted in Figure 3 . The first sample (black trace), was collected for 20 minutes during the 11:00 hour and the second (grey trace) during the 15:00 hour (these times are highlighted in Figures 1 and 2) .
The raw chromatograms have been normalized for dilution using benzene. The black trace lies along the 'less aged' slope in Figure 2 while the grey trace is 'more aged'. The compounds shown, mostly aromatics and alkanes with six or more carbons, are substantially depleted (by $50% on average) in the ''more aged'' sample due to photochemical processing. As these large organic compounds are expected to dominate SOA formation, further photochemical processing of such a sample may lead to lower production of SOA. However, even though the larger hydrocarbons are significantly depleted, the smaller hydrocarbons (C5 and lower, not shown) do not change dramatically. These smaller hydrocarbons account for a dominant fraction (>80% by number) of the total (nonmethane) hydrocarbon OH reactivity. As a result, O 3 formation is not expected to change as dramatically as SOA formation, and the likely result of the change in hydrocarbon mix over the course of the day is the observed decrease in the DOOA/DO X ratio.
[18] The decrease in SOA production (relative to O 3 production) as the VOC mixture ages is most likely attributable to the decrease in concentrations of relatively large (C6 and greater) hydrocarbons. This is consistent with laboratory studies of SOA formation; aromatics have long been recognized as an important anthropogenic SOA precursor [e.g., Ng et al., 2007; Odum et al., 1997, and references within], and recent work has shown that longchain alkanes may be major contributors as well. Lim and Ziemann [2005] have shown that for some SOA precursor alkanes, OH-initiated oxidation in the presence of NO x Figure 3 . GC-FID Chromatograms for two time periods on 3/11 at PTP. The black trace is the chromatogram for the early morning canister sample and the grey trace is more photochemically processed air. The black less aged chromatogram has been offset 5 units for visual clarity. The two chromatograms have been normalized for dilution by equating the area of the benzene signal. Note that toluene is off-scale for both chromatograms with the numbers 82 and 103 indicating the peak height in units of relative FID signal.
rapidly produces condensable matter in high (>50%) yields. Robinson et al. [2007] showed that photochemical processing of diesel exhaust produces significant secondary organic aerosol above what could be predicted based upon aromatic compounds only, strongly suggesting an important role for larger alkanes as a source of anthropogenic SOA.
[19] We note that the present discussion of the impact of VOC precursors on observed DOOA/DO X ignores a number of detailed factors which may also influence the production of SOA and/or O X , including multiple oxidation steps, temperature, [NO x ] and available particulate organic mass (M 0 ). The lower temperatures of the late night, presunrise morning periods may be influencing the OOA/O X ratio in the locus of points defining the background OOA and O X in Figure 2 .
Summary and Implications
[20] This paper describes the observation of a strong correlation between SOA and O X in photochemically processed urban outflow emissions measured in the MCMA. Preliminary analysis suggests that differences in observed OOA/O X are driven in part by precursor VOC concentrations and will be the subject of detailed analysis in future work. This dataset provides valuable insights into the first few hours of mixing and oxidation of pollutant emissions from a large megacity.
[21] There is a need to develop computationally efficient treatments of the production of secondary organic aerosol in regional and global models. This work suggests that the production of regional SOA from anthropogenic emissions might be treated using a simple correlation with the production of O 3 until the anthropogenic VOCs are strongly attenuated via atmospheric processing. Although the correlation of OOA with O X needs to be examined for other urban mixtures before more general conclusions can be formed, this approach may offer insight into investigations of p(SOA) using atmospheric observations.
